Although the enucleate conducting cells of the phloem are incapable of protein synthesis, phloem exudates characteristically contain low concentrations of soluble proteins. The role of these proteins and their movement into and out of the sieve tubes poses important questions for phloem physiology and for cell-to-cell protein movement via plasmodesmata. Because mature sieve elements lack both a nucleus and ribosomes (4), they are incapable of protein synthesis. Clearly, the ongoing presence of proteins in the translocation stream requires their continual replacement by movement from adjacent nucleate cells. Companion cells are the most likely origin of such proteins and characteristically possess an active-appearing cytoplasm, including abundant ribosomes. Recently, Nakamura et al. (16) (17) showed that even 'structural' P-proteins are involved in rapid turnover and presented microautoradiographic evidence for their synthesis in companion cells.
Although the presence of proteins in sieve tube exudates has been recognized for many years, little is known about their function or metabolic stability. Most efforts to characterize their biochemical properties have concentrated on the structural proteins (P-proteins), which appear in fairly high concentrations (40-100 mg mL-1) in phloem exudates from members of the Cucurbitaceae (6) . Because of their high concentration, and because P-protein structures are evident before and after the final stages of sieve element differentiation (5), P-proteins do not appear to be mobile components of the translocation stream. Instead, their presence in exudate apparently results from the disruptive effects of sharply steepened pressure gradients in severed sieve tubes.
Soluble, and therefore presumably mobile, proteins nevertheless appear to be normal constituents of the translocation stream. Protein concentrations in exudates from non-cucurbit species are typically low (approximately 0.2-2 mg mL-1 [7, 14, 22, 24] ) and, at least as evidenced by enzyme activities, may remain constant over many hours of exudation (2) . Finally, proteins have been detected in aphid stylet exudate (1, 13) , where normally existing pressure gradients would be altered only slightly by an exuding stylet. ' Permanent address: Shaanxi Forestry Institute of Science, Yangling, Shaanxi, People's Republic of China.
Because mature sieve elements lack both a nucleus and ribosomes (4) , they are incapable of protein synthesis. Clearly, the ongoing presence of proteins in the translocation stream requires their continual replacement by movement from adjacent nucleate cells. Companion cells are the most likely origin of such proteins and characteristically possess an active-appearing cytoplasm, including abundant ribosomes. Recently, Nakamura et al. (16) strikingly demonstrated the appearance of newly synthesized protein in rice sieve tubes by separating more than 100 [3H]leucine-labeled polypeptides in stylet exudate collected from rice plants. Some years earlier, Nuske and Eschrich (17) showed that even 'structural' P-proteins are involved in rapid turnover and presented microautoradiographic evidence for their synthesis in companion cells.
The occurrence of protein turnover in sieve tubes raises a number of intriguing and physiologically significant questions. Movement of proteins into and out of the sieve tube presumably occurs via plasmodesmata, which, except for pathological conditions, appear to provide passageways too small for intercellular protein movement (21) . Although their functions are unknown, the proteins presumably have some role in source-sink and/or sieve tube-companion cell relations. As Raven (20) recently emphasized, the striking longevity of sieve elements as enucleate cells poses ongoing maintenance problems that almost certainly require intercellular protein transport. Finally, the synthesis and movement of phloem proteins in healthy plants may provide insight into the replication and movement of phloem-limited viruses and Mycoplasma-like organisms.
The following experiments were undertaken to investigate some of the overall characteristics of soluble sieve tube proteins, especially their number and variability along the transport pathway, and their pattems of synthesis, transport, and turnover.
MATERIALS AND METHODS

Plant Material
Wheat plants (Triticum aestivum L. cv SUN 9E) were grown in a growth chamber as described previously (9) . Experiments were performed with plants in the middle portion of the grain-filling stage (approximately 15-25 d after anthesis). Figure 1 movement from the leaf blade occurred only via the phloem, probably because such small amounts of methionine were rapidly absorbed by the leaf tissue. Thus, the velocity of tracer movement, both within the flag leaf and along the rest of the phloem pathway, was similar to movement of 14C-photosynthate and 32p translocation (9) , and microautoradiographs showed labeling only in the phloem (see below). Also, similar results, but lower amounts of radioactivity, were obtained when labeled methionine was applied to an abraded area of the leaf rather than to the cut end.
In several experiments, [35S]methionine was introduced into a segment of the path (the peduncle; Fig. 1 (18) containing 1.5% pH 5 to 7 and 0.5% pH 3 to 10 ampholines for IEF2 or 3% pH 3 to 10 ampholine for NEPHGE. The IEF gels were prefocused first for a total of 400 V-h (15 min at 200 V, 30 min at 300 V, and 30 min at 400 V). IEF of proteins was run for 13.5 h at 400 V and 1 h at 800 V for a total of 6200 V-h. The pH gradient formed along the gel, measured with a micro pH electrode, was between 4.2 and 7.4. NEPHGE was run for 3.5 h at 400 V for a total of 1400 V-h, without prefocusing. The cylindrical gels were removed from tubes at the end of the run, equilibrated in SDS buffer, and run on the second-dimensional SDS-PAGE gels.
Gels containing 35S-proteins were dried and exposed to xray film for autoradiographs.
Microautoradiography
Six hours after uptake of 5 mCi of [35S]methionine by the flag leaf, small pieces of the peduncle were fixed in a solution of 4% paraformaldehyde and 2 mm CaCl2 buffered at pH 7.0 with 40 mm Pipes. After dehydration and embedment in LR White resin, 1.5-tim cross-and longitudinal sections were stained by the periodic acid-Schiff reaction and autoradiographed by dipping in Ilford L4 nuclear track emulsion.
RESULTS
General Patterns and Comparisons of Composition
When proteins were separated by IEF over a pH range of 4.2 to 7.4 in the first dimension followed by SDS-PAGE in the second dimension, more than 100 polypeptides could be detected by silver staining of a two-dimensional gel (Fig. 2,  top gel) . However, comparison with a gel run under nonequilibrium pH conditions (Fig. 2, bottom gel) showed that a substantial number of proteins, including several prominent ones, had been lost during equilibrium focusing. Thus, their isoelectric points must be more basic than 7.4. In all, the total number of soluble proteins in wheat sieve tubes must approach 200.
Most exudate proteins appeared to be labeled by the [35S]-methionine/cysteine mixture (77/18%) used in this experiment (Fig. 2) . Several prominently staining proteins, however (e.g. some in the cluster of higher molecular weight proteins in the IEF gel), showed no detectable labeling.
Protein content and composition were similar in stylet exudate samples collected from widely separated points along the phloem pathway from source to sink (flag leaf blade, flag Table I and Fig. 3A, lanes a-c) .
Excision of the peduncle did not result in any marked change in exudate protein concentration or composition (Table I , Fig. 3A ). Phloem exudate collected from broken grain pedicels was similar in protein concentration to aphid stylet exudate col- (Fig. 3B) . However, although their compositions were quite similar for proteins smaller than 30 kD, they differed substantially for larger proteins. Because of the low protein content of exudate, the above comparisons were made for stylet exudates collected during long periods (2-3 d) . Results from 35S kinetics experiments (below) suggested the occurrence of some short-term variations in protein composition. This possibility was investigated by establishing about 80 exuding stylets on a peduncle and collecting samples at short intervals. As shown in Figure 4 , several proteins, especially at 36 and approximately 16 kD, showed marked changes in their relative prominence during the 2-d sampling period. Total protein content also appeared to vary. There was no evident relationship of the changes to diurnal conditions.
To determine whether proteolysis might be affecting exudate polypeptide composition, some dried exudate was reconstituted to its in vivo concentration of 250 mg dry weight mL-1 (9) . Aliquots (25 IuL each) were incubated for 1 h at 380C in glass test tubes and polypropylene centrifuge tubes, with and without silanization. No decrease in assayable protein content could be detected in any of the treatments (data not shown). Silver-stained one-dimensional gels showed no discernible changes in composition (Fig. 5 ). Longer (2 h) incubations of more dilute exudate (125 mg dry weight mL-1) resulted in apparent general 'fading' of all protein bands, perhaps due to nonspecific surface denaturation (data not shown).
Kinetics Experiments
The labeling protocol produced a distinct pulse of 35S in the sieve tube contents (Fig. 6) . Although the relative pro- (Fig. 7) . Judging from the low RF (Fig. 7,  inset) , most of the soluble 35S may have been in the form of small methionine-containing peptides. The relative proportion of methionine and its putative peptide form changed substantially, in an inverse relationship, during movement of "S past the exuding stylets.
Although the possibility of overlapping bands complicates interpretation, the patterns of "S incorporation into soluble proteins appeared to fall into three basic categories (Fig. 8) . Most were labeled promptly and continued to contain label throughout the experiment. (The discontinuity in labeling of the 36-kD band was presumably due to a temporary decrease in the amount of 36-kD protein [ Fig. 4 ].) Several proteins showed little label initially but later increased in their relative proportion of labeling. A third group, exemplified by proteins larger than about 40 kD, remained virtually unlabeled.
When 35S exudate was collected from three points along the phloem pathway from source to sink (flag leaf blade, flag leaf sheath, and peduncle), the time course for labeling was similar in virtually all respects at the three positions. This included the forms of soluble activity ('peptides' and methionine; data not shown) and the percentage of total activity as protein (Fig. 9) . Unfortunately, only a few of the many severed stylets on the flag leaf blade continued exuding for more than 1 h, greatly reducing the amount of 35S-protein collected at that site. Nonetheless, the autoradiographs 6 6 Figure 10 .
showed a pattern of protein labeling that was clearly similar in most major respects at all three sites (Fig. 10) . In particular, this included the irregularities in labeling of the 36-kD protein, which were similar, although not identical, at all three positions (e.g. the 13-h sheath sample showed relatively stronger labeling than the leaf or peduncle samples.) Also, the nearby 34-kD band was clearly more weakly labeled at all times in leaf exudate.
When application of [35S]methionine was restricted to a 2-cm length of the path (peduncle), there was a progressive increase in the extent of protein labeling with time and distance above (i.e. 'downstream' from) the application site (Fig. 1 A) . Surface counts of the peduncle showed that very little 35S had moved below (i.e. 'upstream' from) the application site. In one experiment, no activity was detected further than 2 cm below the application site and, in another, the count rate decreased within 3 cm to about 10% of the count rate above the application site and was negligible 7 cm below (data not shown). This confirms the effectiveness of the measures taken to block reverse movement of [35S]methionine. Under these conditions, then, 35S incorporation into sieve tube proteins could occur only along that segment of the path between the application site and the exuding stylets. At the most distant sites, only 11 and 15 cm away, the time course of protein labeling was quite similar to flag leaflabeling experiments (Fig. 1 1A, open symbols) , in which the application site was 50 to 60 cm away. However, there were important differences in the composition of soluble and protein 35S in the two types of experiments. In the case of localized peduncle application, methionine accounted for a large proportion (60%) of the soluble activity at all times. Also, in contrast to source-labeling experiments (Figs. 8 and  10 ), a single 36-kD protein band accounted for most (55%) of the 35S-protein (Fig. 1 iB) 
Microautoradiography
The movement of "S as a distinct pulse with nearly complete washout (Fig. 6 ) strongly suggested that radioactivity was confined to the phloem (3, 9). This was confirmed by Fig. 11 B. ) B, Autoradiograph of SDS/PAGE-separated proteins in phloem exudate collected for 6 h from stylets 10 cm downstream from the application site. (Separate experiment from that shown in Fig. 1 1A. ) Arrows mark the positions of molecular mass standards (kD).
the microautoradiographs, in which label was detected only in the sieve tubes and companion cells (Fig. 12) .l dicates that they were continually being synthesized and removed from the soluble protein pool, i.e. that they were turning over. Thus, the evidence for turnover fully supports the interpretation that these proteins are translocated in the phloem. The observations appear to shed little light on the turnover of P-proteins, however, because P-proteins are reportedly absent in many monocots, including wheat (4). Several patterns are conceivable for the movement of proteins into and out of the soluble protein pool (Fig. 13) , and the variety of labeling kinetics indicates that more than one is involved. As with small solutes (e.g. sucrose and phosphate [3, 9] ), the basic similarity in kinetics at successive points along the pathway (Figs. 9 and 10) suggests that a substantial extent of turnover occurs simply by 'loading' at the source and 'unloading' at the sink (Fig. 13, solid arrows) , with tracer kinetics being driven by events at the source. However, these events appear to differ for different proteins. This is evident, for example, when comparing the 69-h sample shown in Figure 8 Kinetic interpretations are also clouded by uncertain precursor-product relations. This includes the putative methionine-containing peptide, which appears to predominate over methionine in the translocation stream but has an unknown relationship to protein synthesis. Also, despite the apparent metabolic inertness of isolated exudate, some proteins (e.g. the 36-kD polypeptide) might undergo metabolically dependent conversions to other forms within the sieve tube itself. Thus, turnover of some proteins may not involve their physical movement into or out of the sieve tube.
In addition to the 'flow-through' turnover resulting from source-to-sink movement, there is for some proteins an added component of turnover imposed by synthesis and, presumably, removal along the pathway itself (Fig. 13 , dotted ar- Figure 13 . Diagrammatic representation of some processes presumed to contribute to the labeling pattern of soluble sieve tube proteins. (Direct movement of methionine into and out of the sieve tube in the source and sink is illustrated for convenience only.) rows). Note that, because there is a rapid exchange of solutes between sieve tubes and companion cells (3, 12) , proteins synthesized in pathway companion cells will also incorporate [35S]methionine, as in the source. Clearest evidence for accelerated turnover was observed for the relatively prominent 36-kD protein, which accounted for most of the activity when [35S]methionine was applied to a segment of the pathway (Fig. 1 B) . Within a short distance, the time course for incorporation into protein (Fig. 1 A; presumably dominated by the 36-kD form) was quite similar to that for flag leaf application. Given a translocation velocity in the peduncle of more than 1 cm min-m (12), the transit time to the more distant stylets would be about 10 min, suggesting a turnover time for the 36-kD protein as brief as 5 min. This should be regarded as a lower limit, however, because comparison of incorporation based on soluble 35S does not take into account the much greater proportion of free [35S]methionine in peduncle-versus flag leaf-labeling experiments (60 versus about 20%).
In contrast to previous evidence concerning symplastic transport, our observations clearly implicate plasmodesmata as a pathway for the normal symplastic movement of macromolecules. Given the basically constant protein composition and concentration along the path (Table I, Fig. 3A) , essentially all proteins must be 'loaded' at the source (leaf) and 'unloaded' in the sink (grains). In the source and sink, then, protein movement into and out of the sieve tubes appears to be unselective. Along the path, however, sieve tube-companion cell protein movement is evidently selective and not based simply on molecular sieving. There, most intercellular movement appears to involve a single mediumsized (36 kD) protein. Additionally, the concentration of proteins in the sieve tubes is so low that free movement of all molecules 36 kD and smaller would likely be incompatible with the functions of the companion cell ground cytoplasm.
If movement through plasmodesmata along the path is indeed specific for particular proteins, some sort of recognition factor must be involved. This view is contrary to presently available evidence that, at least in healthy plants, the control of intercellular transport is established by passive molecular sieving (21) . To date, however, symplastic movement has been probed experimentally only with exogenous tracers. As in the case of nuclear pores (15) , signal-mediated transport may become evident only in instances when it is possible to examine the movement of endogenous molecules. 
